We report the strictest observational verification of CPT invariance in the photon sector, as a result of γ-ray polarization measurement of a distant γ-ray burst (GRB), which is a brightest stellar-size explosion in the universe. We detected the γ-ray polarization of GRB 110721A with high significance, and its redshift was determined as z = 0.382. For the Lorentz-and CPT-violating dispersion relation E 2 ± = p 2 ± 2ξp 3 /M P l , where ± denotes different circular polarization states of the photon, the parameter ξ is constrained as |ξ| < O(10 −15 ). Barring precise cancellation between quantum gravity effects and dark energy effects, the stringent limit on the CPT-violating effect leads to the expectation that quantum gravity presumably respects the CPT invariance.
Introduction.-Lorentz invariance is the fundamental symmetry of Einstein's theory of relativity. However, in quantum gravity such as superstring theory [1] , loop quantum gravity [2] and Hořava-Lifshitz gravity [3] , Lorentz invariance may be broken either spontaneously or explicitly. Dark energy, if it is a rolling scalar field, may also break Lorentz invariance spontaneously. In the absence of Lorentz invariance, the CPT theorem in quantum field theory does not hold, and thus CPT invariance, if needed, should be imposed as an additional assumption. Hence, tests of Lorentz invariance and those of CPT invariance can independently deepen our understanding of the nature of spacetime. If CPT invariance is broken then group velocities of photons with right-handed and left-handed circular polarizations should differ slightly, leading to birefringence and a phase rotation of linear polarization. Therefore a test of CPT invariance violation can be performed with the polarization observations, especially in high frequency γ-rays.
The purpose of this letter is to report the strictest observational verification of CPT invariance in the photon sector, as a result of γ-ray polarization measurement of prompt emission of a distant γ-ray burst (GRB), which is a bright stellar-size explosion in the universe. We detected the γ-ray polarization of GRB 110721A with high significance, and its redshift was determined as z = 0.382. For the Lorentz-and CPT-violating dispersion relation E 2 ± = p 2 ± 2ξp 3 /M P l , where ± denotes different circular polarization states of the photon, the parameter ξ is constrained as |ξ| < O (10 −15 ). This is the strictest limit on the CPT invariance violation posed by directly observing the photon sector, and it is about 8 orders better than the previous limit |ξ| < 10 −7 [4] . (As explained later in the present paper, we refute a more recent limit claimed in [5] .) Barring precise cancellation between quantum gravity effects and dark energy effects, the stringent limit on the CPT-violating effect leads to the expectation that quantum gravity presumably respects the CPT invariance.
Observation and analysis.-IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun) is a small solar-power-sail demonstrator [6] , and it was successfully launched on 21 May 2010. IKAROS has a large polyimide membrane of 20 m in diameter, and this translates the solar radiation pressure to the thrust of the spacecraft. Since the deployment of the sail on 9 June 2010, IKAROS started the solar-sailing toward Venus. Gamma-ray burst Polarimeter (GAP) [7] onboard IKAROS is fully designed to measure linear polarization in the prompt emission of GRBs in the energy range of 70−300 keV. The detection principle is due to anisotropy of Compton scattered photons. If the incident γ-rays are linearly polarized, the azimuthal distribution function of the scattered photons should basically shape as sin 2 φ. The GAP consists of a central plastic scatterer of 17 cm in diameter and 6 cm in thickness, and the surrounding 12 CsI(Tl) scintillators. The coincidence event within a gate time of 5 µsec between the signal from any CsI and that from the plastic scintillator is selected for the polarization analysis. The GAP's high axial symmetry in shape and the high gain uniformity are keys for reliable measurement of polarizations and avoiding a fake modulation due to background γ-rays.
The GAP detected GRB 110721A on 21 July 2011 at 04:47:38.9 (UT) at about 0.70 AU apart from Earth. The burst was also detected by Gamma-Ray Burst Monitor (GBM) [8] and Large Area Telescope (LAT) [9] aboard the Fermi satellite, and the Swift satellite immediately started the follow-up observation of its X-ray afterglow [10] . The optical transient was also detected at the coordinate of (α, δ) = (333.66, −38.59) by GROND [10] , and its redshift was measured as z = 0.382 [11] . Energy fluence of this burst is (3.52 ± 0.03) × 10 −5 erg cm −2 in 10−1000 keV band [8] . The spectrum of its energy flux is well fitted by a power-law F ν ∝ ν α with α = 0.06 ± 0.02 in the GAP energy range 70 − 300 keV [8] . We performed polarization analysis for the entire duration of GRB 110721A. We clearly detected polarization signal with polarization degree of Π = 84 +16 −28 % and polarization angle of φ p = 160 ± 11 degree, and null polarization degree is ruled out with 3.3σ confidence level [12] .
IKAROS-GAP also detected γ-ray polarizations of other two GRBs with high significance levels; with Π = 27 ± 11 % for GRB 100826A [13] , and Π = 70 ± 22 % for GRB 110301A [12] . The detection significance is 2.9 σ and 3.7 σ, respectively. Therefore we conclude that the prompt emission of GRBs is highly polarized. Unfortunately the redshifts of these two events have not been measured, so we can not use them for detail discussions about the test of CPT violation in the following section. Instead, we should interpret these results for the two additional GRBs as convincing evidences for GAP's ability to detect gamma-ray polarization.
Several of emission mechanisms (e.g., synchrotron emission) proposed for GRB prompt emission may produce linear polarization as high as Π ∼ 60% [12, 14] . Observed polarization degree and angle do not depend on photon energy E significantly in such emission mechanisms. In order to support this picture, we separately analyzed the polarization signals for two energy bands, 70 − 100 keV and 100 − 300 keV, and actually confirmed that the polarizations of GRB 110721A in the two bands are consistent within the statistical errors (Π = 71 +29 −38 % and φ p = 155 ± 15 degree for 70 − 100 keV and Π = 100 +0 −35 % and φ p = 161 ± 14 degree for 100 − 300 keV). The observed flat F ν spectrum thus indicates that photons at each unit logarithmic energy interval contribute to the net polarization almost equally.
As we explicitly show in the next section, the reliable observation of gamma-ray linear polarization reported here enables us to obtain a strict limit on CPT violation.
Before going into details of the limit on CPT violation, however, let us briefly mention that there are several other works claiming marginal detections of linear polarization but that all the previous reports are controversial. Ref. [15] reported the detection of strong polarization from GRB021206 with the RHESSI solar satellite. However, independent authors analyzed the same data, and failed to detect any polarization signals [16] . In these cases, the data selection criteria for the polarization signal was remarkably different, and the later two authors used more realistic and reasonable ones. They concluded that the RHESSI satellite has less capability to measure the gamma-ray polarization from GRBs even if one of the brightest GRBs are observed. Ref. [17] reported marginal detections of polarization with ∼ 2 σ confidence level from GRB 041219 by INTEGRAL-SPI, and [18] reported possible detections of time variable polarization with INTEGRAL-IBIS data. However, for example in the figure 3 of [18] , all the data are not due to the Poisson statistics and also completely acceptable to the non-polarized model while they insist the detection of linear polarization. This is because the systematic or instrumental uncertainties for the polarization measurement dominate the photon statistics in these systems. Moreover both results of SPI and IBIS for the brightest pulse of GRB 041219 were obviously inconsistent with each other, i.e. the SPI teams detected the strong polarization of Π = 98 ± 33 % and Π = 63 +31 −30 % with 2 σ statistical level [17] , but the IBIS team reported the strict upper limit of Π < 4 % [18] . Therefore, all previous reports of the gamma-ray polarimetry for GRBs are controversial and, thus, e.g. the argument for the limit on CPT violation given by [5] is still open to questions.
Contrary to those controversial previous reports, the detection of gamma-ray linear polarization by IKAROS-GAP is fairly reliable and thus can be used to set a limit on CPT violation.
Limit on CPT violation.-Using these highly polarized γ-ray photons from the cosmological distance, we constrain the dimension-5, Lorentz violating (LV) operator in the photon sector. Hereafter, M P l = ( c/G) 1/2 = 1.22 × 10
19 GeV is the Planck mass, and we shall adopt the unit with = c = 1.
In the effective field theory approach [19] , LV effects suppressed by the ratio E/M P l arise from dimension-5 LV operators. In the photon sector they manifest as the Lorentz-and CPT-violating dispersion relation of the form
where ± denotes different circular polarization states and ξ is a dimensionless parameter. If ξ = 0, then the dispersion relation (1) leads to slightly different group velocities for different polarization states. Hence, the polarization vector of a linearly polarized wave rotates during its propagation [20] . The rotation angle in the infinitesimal time interval dt is dθ = (
, the rotation angle during the propagation from the redshift z to the present is expressed as
Here, k is the comoving momentum, H 0 = 1.51 × 10 −42 GeV, Ω m = 0.27 and Ω Λ = 0.73 for the standard cosmology.
If the rotation angle differs by more than π/2 over the range of momenta (E min < k < E max ) in a signal, the net polarization is suppressed and cannot be as high as the observed level. Hence, the detection of highly polarized γ-ray photons by the GAP implies that |∆θ(E max , z) − ∆θ(E min , z)| < π/2. Setting E max = 300 keV, E min = 70 keV, and z = 0.382, we obtain the constraint from GRB 110721A as
Comparison with other limits.-Our bound (3) is the strictest limit on the CPT invariance posed by directly observing the photon sector, and it is about 8 orders better than the previous limit |ξ| < 10 −7 [4] . (As already explained, we consider the limit claimed in [5] unreliable.) The constraint from non-detection of UltraHigh-Energy (UHE) photon (E > 10
19 GeV), |ξ| < 10
[21], appears to be closer to our bound. However, the constraint from UHE photon relies on the assumption that the dimension-5 LV operator in the electron sector is sufficiently suppressed [22] . On the other hand, the previous bound in [4] and our bound do not depend on such an assumption. The dimension-5 LV operator in the photon sector induces dimension-3 CPT-odd LV operators in the fermion sector by radiative corrections due to particle interactions. Assuming supersymmetry [23] above M susy (> TeV), the radiatively generated dimension-3 CPT-odd LV operators generically have coefficients of order b ≃ M 2 susy /M P l . Hence, existing experimental bounds on b can be reinterpreted as bounds on ξ. For example, the bound |b| < 10 −27 GeV from Xe/He maser [24] implies |ξ| < 10 −14 . Our bound (3) is slightly stronger than this. On the other hand, the bound |b| < 10 −33 GeV from K/He magnetometer [25] corresponds to the stronger bound |ξ| < 10 −20 . Note, however, that these bounds inferred from radiatively generated dimension-3 CPT-odd LV operators are indirect and rely on supersymmetry. Our bound (3), on the contrary, does not rely on supersymmetry and is direct.
In the effective field theory approach [19] , there is only one operator that leads to a linear energy dependence of the speed of light in vacuum, and it is the dimension-5 CPT-odd LV operator considered in the present paper. Constraints on the same operator from observation of energy dependence of GRB light curves [26] are not as significant as those from observation of polarization such as ours. For this reason, once the stringent bound from the latter type of observation is imposed on the unique dimension-5 LV operator, it is natural to interpret the former type of observation as limits on the dimension-6 LV operator. In this case, observation of GRB 090510 by Fermi satellite [27] leads to the lower bound on the quantum gravity mass scale as M QG,2 > 10 11 GeV. This is consistent with natural expectation that the quantum gravity mass scale is of the order of the Planck mass.
Conclusion.-In some quantum gravity theories such as superstring theory [1], loop quantum gravity [2] and Hořava-Lifshitz gravity [3] , Lorentz invariance may be broken either spontaneously or explicitly. Dark energy, if it is a rolling scalar field, may also break Lorentz invariance spontaneously. Barring precise cancellation between quantum gravity effects and dark energy effects, the stringent limit (3) on the Lorentz-and CPT-violating parameter ξ then naturally lead us to the expectation that quantum gravity theory and/or state may break Lorentz invariance but presumably respect the CPT invariance. The celebrated CPT theorem in quantum field theory assumes Lorentz symmetry and locality. In the absence of Lorentz symmetry, the CPT invariance, if needed, should be imposed as a part of the definition of the theory. In LV but CPT invariant theories, the parameter ξ exactly vanishes and thus all existing limits on ξ are trivially satisfied. On the other hand, if we detect tiny but non-vanishing CPT-violating effects by future experiments then quantum gravity theories would face with a real challenge since in that case we would need to control the minuscule CPT-violating operators without much symmetries.
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